ABSTRACT
with the turbulent wakes of the preceding blades, and CT "Self" noise, due to the development and shedding of co turbulence within the blades' boundary layers. 
--

INTRODUCTION
Over the last several decades, helicopter noise, and to a lesser extent tiltrotor noise, has been intensely studied.
The emphasis has been on the measurement and prediction of harmonic and impulsive noiserelated to rotor blade thickness and loading effects.
A good example of predictive capability is that of CAMRAD.Modl/HIRES _. These are aeroacoustic codes for rotor harmonic and BVI noise, which has evolved to become the key elements of a system noise prediction capability called TRAC, for Tilt Rotor Aeroacoustic Codes 2. These codes have been used over the last several years to successfully examine and explain helicopter windtunnel 1 and flight 3 results, as well as tiltrotor windtunnel 2'_ and flight s'6 test results.
Absent in the predictions, however, are the important broadband noise portions of the main rotor spectra. For the flight tests examined, significant portions of the measured noise spectra in the mid to higher frequency ranges were substantially under-predicted. This allows a deterministic solution to the BV1 blade loading and thus BVI noise at harmonics of the blade passage frequency.
The flow details of the turbulence in the wake and within the boundary layers are non-deterministic and thus approached analytically in a statistical wave-number or spectral fashion. BWI noise is produced by the blade's leading edge loading response to the turbulence encounters.
The Self noise is predominately trailing edge noise due to the scattering of the turbulence pressure field from the passage of turbulence over the trailing edge into the near-wake. Figure 2 . Prediction code elements.
Harmonic and BVI noise
The development of the harmonic and impulsive BVI noise codes is presented in Ref. Figure 3 illustrates the blade section flow characteristics leading to specific scaling models of Ref. 27. .The total Self noise spectrum Gsetf(f) at an observer is the sum of noise spectra contributions of the individual sources.
In present terminology: 
where It is scaled in a broadband manner (using a one-third Octave resolution) similar to that used for TBL-TE noise. This noise contribution is
where 6p is the boundary layer thickness and H t is an amplitude and spectral shape function 27. Blunt Trailing Edge (BTE) noise is due to vortex shedding from a less-than-sharp trailing edge. The noise contribution is
where h is the trailing edge thickness andbavg is the average boundary layer displacement thickness of the pressure and suction sides at the TE. The angle q, is the solid angle between the blade surfaces immediately upstream of the TE. The amplitude and shape function Hb reveals the mechanism is most intense and most tonal in spectral shape for large h 6*ore and small _p .27
Tip noise is due to the formation and shedding of the tip vortex.
It is modeled as TE noise due to the passage of turbulence, formed within the tip vortex, over the TE. This noise contribution is
ry (11) where Figure 4 . The eleven microphones were arranged symmetrically with respect to the tunnel centerline and equally spaced .54m apart. Acoustic data were acquired at streamwise locations that were .5m apart over a large plane below the rotor generally ranging from 4m upstream to 4m downstream of the rotor center.
The resulting measurement grid plane is shown in Fig. 5 
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TEST RESULTS
Character of Noise Sources
Acoustic pressure signatures for a descent rotor test condition are shown in Fig. 6 for microphone positions, A and B of Fig. 5 . Fig. 6(a) noise is seen tohave repetitive intensity andduration about eachbladepassage, although it is seen to be present throughout therotorperiod.Thissuggests that only overlimited portionsof eachblade's passage does Selfnoise contribute strongly to noise perceived byanobserver atA. Figure 6(b) shows the samepresentation of data for the samerotor condition, butfor microphone B. Dueto differing directivity effects andarrival times of noise fromthe various parts oftherotor, these noise signatures differ fromthe resultsof Fig. 6(a) . Microphone B is directly underthe rotor centerand would be minimally affected by the Doppler andconvective amplification effectsthatmicrophone A should observe. Figure 6 (b)shows aflattening ofSelfnoise levels andsome broadening oftheintense Selfnoise periods, compared tothemicrophone A. Figure 7 shows results foramildclimbcondition where broadband noise is clearly dominant overBVI noise. BVI is diminishedto a non-impulsive harmonic loading noise signature. However, except foraslightlyincreased Selfnoise amplitude formild climb, the two flight conditionsshow similar behavior for the same respective microphones for bothBWI andSelf noise.This shows thatthese broadband sources aresomewhat lessdependent on therotoroperation (angle) changes thanisBVI.
L iiiiii n ou , a 0e,0, The spectra for a =-3.8°and a = 5.3°of Fig. 8(a) 8 In model scale, BWI appears prominent between about 1.5 and 6 kHz for climb conditions, whereas in descent it is prominent between about 2.5 to 7 kHz. This is more apparent for microphone C (Fig. 8(b) ) than it is for microphone A. For both microphones, the Self noise spectra levels between l0 and 16 kHz appear almost invariant (constant) for climb conditions and invariant for descent conditions, all with somewhat lower levels. In Refs. 7 and 8, these lower levels were attributed to disruption of the blade boundary layers from BVI occurrences over a large portion of the rotor. But as will be shown in the next figure, directivity differences along with shaft angle changes may explain part of the level changes. Measured Self noise directivity contours for shaft angle a variations ranging from -7.0°(climb) to +11.1°(steep descent) are shown in Fig. 9 . The Self-SPL noise level metric used is the total integrated spectra between 10 and 16 kHz, and is taken to represent Self noise trends for this study. (Self noise has been shown to be significant to at least 25 kHz for this size model. 7) As evidenced in Fig. 8 , this frequency band represents a key portion of Self noise without including substantial BWI noise. The Self noise directivities show increased levels in the upstream direction on the advancing rotor side. In contrast to BVI _ and BWI z°noise directivity, Self noise appears somewhat invariant with rotor shaft angle. Although there is some clockwise rotation of the main directional noise lobe with increasing shaft angle, as found for BVI and BWl, the rotation is mild with slightly decreased level (less than 2 dB). It is noted that at least part of the cause of reduced levels, cited for this spectral frequency range in Fig. 8 Figure 9 . Measured noise contours of Self-SPL (sum of energy from 10 kHz to 16 kHz) for different rotor shaft angles over measurement plane. 
Geometry
The observer (microphone) position and the velocities are defined in terms of X, X', or ×e. The components of the mean total flow velocity Vu,t (mn subscript is suppressed) encountering the blade segment is illustrated in Fig. 11 , and given by
where Vi,_ is the induced velocity due to the near and far wake of the rotor. As shown in Figs. 10 and 11 , each mn th blade segment is skewed and pitched with respect to the windtunnel flow in which it is submersed.
In Fig. 12 , the blade segment is on the tilted rotor disk referenced to the X' coordinate system. As in shown in Fig. 11, x' is aligned with V,,_. (In the present modeling for broadband noise radiation, the disk is not considered to have coning or higher-order flapping.)
The effect of the tunnel flow on noise radiation can be important.
As illustrated in Fig. 12 , any noise emitted from the blade segment location would appear to the observer to be emitted from a more downstream location due to the convection of the sound field within the tunnel flow at velocity V,,.t. Specifically, the blade segment is at an emission distance Ix1from the observer at X', but appears to be at a "retarded" position at a distance Ix'el.The propagation time is tr =Ix'J/c0. The TE coordinates X e can also be referenced to a "retarded" position at a distance r_, =]Xerl, by noting that the relationship previously given between X_ and X also holds between Xe,. and X,. These convective effects must be included in order to properly determine noise directivity, Doppler frequency shifting, and convective acoustic pressure amplification.
BWl noise source strength calculations
In Burley, et al. 2°for BWI noise prediction, the turbulence itself was not modeled, but was accounted for in a surface dipole acoustic modeling approach through measured blade pressures. Figure  10 illustrates the rotor blade segment, instrumented with unsteady pressure sensors, encountering turbulence. The measured surface pressure differences Ap between the lower and upper surfaces of the blade permit the cross-spectra to be determined and modeled. This is used with acoustic theory to predict the noise spectrum at observer positions. The BW1 noise spectral contribution from the mn th blade segment was found to be, in present terminology,
Equation (15) where the flyover and sideline angles (with respect to the tilted segment TE of Fig. 11 ) are, respectively, Oer = COS -1 (Xer/rer),
Equation (19) for Dt is the same as recommended in
Ref.
27, but is now defined based on conditions of Fig. 12 . This assumes that the offset in distance of the trailing edge compared to one-quarter chord is inconsequential to the observer angle definition, which is true in the far-field of the blade segment.
Note that the directivity represented in Eq. (15) 
therefore, the predicted noise spectrum is corrected to be
While the above analysis is not rigorous, as issues of scale and local compressibility effects with regard to noise production need to be addressed, such increases of levels suggested by Eq. (24) The local flow angles were found through the HIRES code of Fig. 2 .
Total noise calculations
The calculation and summation of BWl and Self noise from the methods above, accounting for Doppler frequency shifts, produces an "instantaneous" spectrum for the noise radiated to the observer from the blade segment located at the mn th position. The next step of summing the noise from all bladesegments at theobserver involves frequency bandwidth adjustments and spectral weighting.
The knowledge of X r and V allows for the determination of the Doppler shift in frequency due to the relative motion of the mn m blade segment with respect to the observer in the presence of the tunnel mean flow. This factor simply stretches or contracts the noise spectra frequency-wise by the ratio of the Doppler-shifted frequencies, f0, compared to the un- 
where ( where f is used to signify that the spectra are the result of this frequency processing. The total broadband noise at the observer is 360°q,
Here 
Comparison with Measurements
Predicted and measured spectra for the forward microphone A and side microphone C are shown in Fig. 14 for a 
COMMENTS
The above prediction success follows from (1) 
